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Abstract – In article are suggest multifrequency ultra-
sonic transducer with stepped-plate disk. This device is 
mean for coagulation aerosols with 0.4 µm particle 
size. Also present method of engineering calculation 
stepped-plate radiator. 
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I. INTRODUCTION 

T PRESENT, there is a possibility of getting 
chemical and biological weapons in the hands 

terrorists. It confirms cases when toxic gases were 
sprayed in the buildings. The most terrible case took 
place in 19th of  March, 1995. In the Tokyo's metro 
toxic gas was sprayed, as a result 12 people died and 
more than 5000 were suffered. 

That is why, it is necessary to provide protection 
of many groups of people against chemical and 
biological weapons. 

To choose protection method it is necessary to 
understand mechanism of the potential actions. As it 
is well known, basic conditions of toxic chemical 
substances are: 
• vapour (molecular state); 
• non settling fine-disperse aerosol (particle 
size no more 30 µm); 
• settling disperse aerosol (particle size 30-
5000 µm); 
• drops (particle size is more than 500 µm) 
[1]. 

The most probable candidates for using as 
biological weapons are: anthrax, botulism, plague, 
smallpox, tularemia and different sorts of virus 
haemorrhage's fever. 

Bacterium can be in diameter from 0.3 to 35 µm, 
viruses are from 0.01 to 0.3 µm [2]. 

Contamination can occur by spraying agent in 
near people or throgh the ventilation system. The last 
case is very dangerous, because infected air 
propagates with maximal speed. 

Vacuum blast is represented the grave dangers in 
a mine and places with a large quantity of suspended 
dust, such as milling factory. Many researches show, 
that degree of dispersion is the main factor of 

explosibility of dust. Particle sizes no less than 1000 
µm participate in the blast. The dust explosibility 
increases with dispersions growth. The most 
dangerous is dust with particle size from 10 to 200 
µm. 
From previously said it can be concluded that it is 
necessary to apply methods and tools, which are able 
to prevent propagation of particles with size of 0.01-
30 µm.  

II. PROBLEM STATEMENT 

Most efficient filters using for cleaning of air are 
HEPA-filters (High-Efficiency Particulate Filter). 
These filters guarantee interception of particles with 
size 0.3 µm with efficiency 99.7%. 

But these filters have some disadvantages, such 
as: 

• The filters cannot be applyed for clearing of 
air on the open space. 

• They create resistance to air flow. 
• They demand regular cleaning and chang-

ing. 
The solution of the problem of cleaning conta-

minated air can be coagulation of toxic agent par-
ticles or dust to agglomerate and increase collapsing. 

One way for solving this problem is acoustic 
coagulation. But now in practice there are not tech-
nological devices for acoustic aerosol coagulation. 
Main requirement for realization of this process is a 
need of using ultrasonic vibrations, i.e. higher limits 
than human audibility and therefore the device 
should not influence on human organism. 

III. THEORY 

If aerosol has a polydisperse distribution of par-
ticles, and relative speed of particle coagulation in 
the acoustic field depends on concentration, diame-
ter, frequency and intensity of radiation, then para-
meters of the acoustic field must be determined by 
particles parameters. As for the intensity of radiation 
the better intensity sound is the higher is relative 
speed of flow of aerosol particles. The important 
parameter of radiator, which characterises efficiency 
coagulation, is radiation frequency. According to [4] 
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coagulation particles size is in inverse proportion to 
frequency. Fig. 1 shows action of sound frequency 
on part of particles of different radius exposed vibra-
tions with gas. If part of particles is more than 0.8, 
then coagulation does not take place. 

Fig. 1 Action of sound frequency on part of particles of different 
radius exposed vibrations with gas 
 

Accordingly, higher frequency of radiation al-
lows coagulating particles with smaller diameter. 
But generation of acoustic field of higher intensity is 
energetically difficulty. To solve this problem is to 
change radiating frequency during the operation. It 
also should be noted that man is less sensitive to 
high-frequency acoustic vibrations. The operating 
frequency of the radiator should be higher than the 
frequency of human receptivity. 

At present time aerodynamic radiators are used 
for coagulation. These radiators provide a transfor-
mation of kinetic energy of gas flow into energy of 
acoustic vibration. These radiators are vortex whis-
tles, whistles with tangential air flow, Hartmann 
oscillator and their modifications. 

The disadvantages of these radiators are necessa-
ty to use compressor and high flow of compressed 
air, small efficiency, fast runout and limited pass-
band. Essential disadvantage of Hartmann oscillators 
is long turn-on time; it is conventional with making 
of gas flow. In the case of using gas generators it is 
small operation time. These radiators work effective-
ly only on one resonance frequency and for coagula-
tion of polidisperse aerosol they are less effective 
than broadband radiators.  

Effective alternative to them may be ultrasonic 
piezoelectric transducers. However, intensity of 
acoustic field demanded for coagulation process is 
130...140 dB. Such intensity cannot be generated by 
classical piezoelectric ultrasonic transducers, which 
generate plane wave. That is why; at the heart of 
apparatus for effective aerosol coagulation in closed 
and open space radiators transforming longitudinal 
vibrations of piezoelectric transducers into flexible 
vibrations of titanium stepped-plate disks are used. 
Advantages of these constructions are generating 
high intensity acoustic fields and supporting fre-

quency tuning at the expense of working mode 
changing. 

III. CALCULATION AND DESIGN OF 
STEPPED-PLATE DISKS 

Main complexity during constructions of 
stepped-plate radiators is the absence of design pro-
cedure. Unfortunately, natural frequency of perma-
nent thickness disks and plates can be described and 
defined by analytical dependences. Flat disks have 
one main disadvantage, which excludes their appli-
cation: increase of working frequency leads to the 
appearance of large number of “parasitic” mods. 
This fact decreases the efficiency until zero. 

The application of stepped-plate disks are al-
lowed to exclude the appearance of “parasitic” 
mods. But to calculate these disks with analytical 
methods is not possible. In this case it is necessary to 
use approximate methods. One of the approximate 
methods developed by authors of this article is de-
scribed here: 

1. Diameter (d) and resonance frequency (f) 
are defined from the technological process. 

2. Harmonic number (n) on which the radiator 
will work is set, as a rule, the radiator works on 5th 
or 7th harmonic. Proceeding from a resonance con-
dition we receive the expression: 

d=nλ 
where λ - is a wave length of flexural vibrations. 
3. For known frequency and diameter the 

thickness of a flat disk are calculated. Also, this 
thickness is called "base thickness". From speed of 
flexural vibrations distribution 

,  (2) 

where c – is a speed of flexural vibrations, f - re-
sonant frequency, h - a thickness of a disk, E - Youg 
modulus, ρ - density, µ - Poisson's ratio and expres-
sions (1) it is found a "basic thickness" of the disk: 

,  (3) 
4. The basic disk is parted into one central cy-

linder and n rings. Diameter of the cylinder is equal 
λ/2, width of all rings except last is λ/2. Width of last 
ring is λ/4. 

5.  Consecutive changing of a cylinder thick-
ness and disks will lead to the obtaining of disk with 
stepped-plate section. Thus it is necessary to observe 
following conditions: 

• near rings should have a different thickness; 
• the central cylinder has the maximum 

thickness; 
• the extreme ring has the minimum thick-

ness; 
• the minimum thickness of stepped-plate 

disk should be not less than 0.6 from a “basic thick-
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ness”. 
• the thickness of the cylinder can exceed a 

“basic thickness” no more than in 2 times. 
• the difference between different thickness 

should be no less than 2-3 millimeters depending on 
a “basic thickness”. 

• as a rule, it is not necessary to use more 
than 4-5 different thickness. 

required condition is, that the sum of the mo-
ments of inertia central cylinder and all n rings is 
equal to the moment of inertia of a "basic" disk, i.e. 
that expression (4) will be fair: 

,    (4) 
 

where , , . 
6. Inserted in expression (4) values of radiuses 

and weight of cylinder and rings and as parameters 
of a "basic" disk, we have a function of several va-
riables (5): 

f (h1, h2...) = const (5) 
Imposed boundary conditions on point 5 it is 

possible to receive values of stepped-plate disk 
thickness. 

Stepped-plate form of the disk allows avoiding 
not only 'parasitic' modes, but also allows increasing 
amplitude of vibrations on the end of the radiator. 

Fig. 2. The third mode of disk radiator vibrations (4134.5 Hz).
 

TABLE I 
FREQUENCIES AND HALF LENGTHS OF 

LONGITUDINAL WAVES (λ/2), FIRST 14 HARMONICS OF 
THE DISK RADIATOR IN DIAMETER OF 420 MM 

 
Harmonic number Frequencies, Hz λ/2, m 

1 549,57 4,539 
2 1991,4 1,253 
3 4134,5 0,603 
4 7567,5 0,330 
5 11460 0,218 
6 15220 0,164 
7 23233 0,107 
8 28637 0,087 
9 34013 0,073 
10 38022 0,066 
11 44537 0,056 
12 51177 0,049 
13 57266 0,044 
14 64830 0,038 

The same disk radiator can create vibrations of 
different frequency working on different harmonics. 
The developed stepped-plate disk radiator in diame-
ter of 420 mm (Fig. 2) [6] works on 14 harmonics 
which frequencies are presented in Table 1. 

As it was mentioned above, agglomeration of 
different sizes particles descends at different vibra-
tion frequency: the higher frequency is the smaller 
sizes of coagulation particles are. The disk radiator 
has a wide band of operating frequencies and can 
have effective coagulation on particles of the differ-
ent sizes. 

The optimum band of radiation for coagulation is 
the use of vibrations with frequency from 15 to 
50 kHz. Lower frequencies are dangerous to hu-
mans, and on high frequencies it is difficult to gen-
erate high-intensity acoustic vibrations. 

V. THE DEVELOPMENT OF ULTRASONIC 
VIBRATING SYSTEM 

To create the device for coagulation of particles 
of the different size it is necessary to launch disk 
radiator by longitudinal vibrations on several natural 
frequencies. Usually used one-, two- and three-half-
wave transducers allow to launch disk only on one 
frequency. It can be explained that speeds of distri-
bution of flexural and longitudinal waves are differ-
ent. 

For creating device of a multifrequency radiator 
it is offered to use a construction presented in Fig. 3. 

1 - the concentrator, 2 - double-end bolt, 3 – frequency lowering 
radiating overlay, 4 - the piezoelectric element, 5 – frequency 
lowering reflecting overlay. 
 
Fig. 3. Multifrequency ultrasonic transducer. 

 
Fig. 4. Multifrequency radiator for high-intensity influence on gas 
media. 

The design represents Langevin transducer with 
the conic concentrator. The concentrator form pro-
vides the best coordination of components of a ra-
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diator. The ultrasonic transducer has the first reso-
nant frequency 15 kHz. The second resonant fre-
quency is equal 28 kHz. Also, the system has reson-
ances on 23, 30, 34, 40 and 44,5 kHz. 

Integrating the offered ultrasonic transducer with 
a disk radiator, we will receive a multifrequency 
radiator for high-intensity influence on gas media 
(Fig. 4). 

Amplitude-frequency characteristics of a radiator 
and ultrasonic transducer are presented in Fig. 5. 

Fig. 5 - Amplitude-frequency characteristic of ultrasonic trans-
ducer without a disk radiator and ultrasonic transducer with a disk 
radiator. 

They confirm multiresonant character of the ul-
trasonic transducer. 

VI. CONCLUSION 

As a result of the works the design of the multi-
frequency ultrasonic piezoelectric transducer allow-
ing together with a disk radiator to create acoustic 
fields in the band of frequencies from 15 to 45 kHz 
was offered. That is a sufficient condition for coagu-
lation of particles in the size more than 0.4 microns. 
The offered design can be applied in systems of 
clearing of industrial emissions, in ventilation sys-
tems for prevention of terrorist attacks with use of 
the chemical and biological weapon, in systems of 
safety maintenance of the manufactures connected 
with possibility of explosion of dust. 
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